The paper will present the work done to assess the usefulness of the thermographic analysis in the design of a detection system for longitudinal defects in coils manufactured by a tandem cold mill. The approach started with a first phase devoted to the development of a computer system for the acquisition of high resolution thermal maps of the whole strip. In the second phase the thermal maps are classified and related to the process variables.
s INTRODUCTION
The pressing demand to improve the quality in the steel rolling industry requires the use of the latest technology or to explore new ones, in order to detect and avoid product defects (1, 2) , and in this way, to make a better adjustment of the manufacturing parameters, producing better products.
The work presented in this paper uses the latest hardware technology in infrared sensors to acquire the temperature of a tin plate strip during its rolling at a high frequency. The thermographic sensor uses a scanning system that allows the temperature measurement in several points of the strip, that is, scan acquisition, instead of spot acquisition. This sensor capability joined to the fast acquisition frequency, allows the temperature measurement of the entire strip while it is being rolled in the cold mill. Finally, a thermographic image of the strip is obtained by combining all the scans captured using the information about the speed of the strip while it was rolled.
The goals of the work are to show the relationship between temperature and flatness, and the detection of longitudinal defects using the thermographic information obtained through the sensor (3) .
Longitudinal defects are mainly related to flatness problems produced by miscellaneous factors in the processing of the cold mill, like refrigeration, or rolling strength. If the defects are detected while the strip is being processed, the rolling parameters can be modified in order to solve the problem and improve the quality of the final product.
s THERMOGRAPHY ACQUISTION
Description of the system
The system is composed of four elements, shown in figure 1 , whose description and functionality is briefly presented below.
• An infrared sensor, specially developed by LAND Company for this application (4, 5), scans the temperature across the strip 80 times per second. During each scan, the sensor generates an analog signal proportional to the temperature of the strip. • An industrial PC, using a PCI-MIO-16E acquisition card (6) samples the analog temperature signal and stores the samples of each scan in memory. Meanwhile, it also represents the infrared map of the strip on a screen installed in the control room of the tandem mill. Finally, when the manufacturing of the strip finishes, it stores the image on the hard disk.
• The process computer sends the manufacturing variables that are essential to interpret the infrared image properly, to the industrial PC.
• The visualization PCs allow the retrieval of the thermal images and manufacturing variables stored in the industrial PC to visualize them.
The architecture of this system is organized in three layers (7, 8) , with a minimum number of elements in each of the layers, following the low cost approach used for the design of the system.
In the acquisition process, the typical infrared thermographic systems usually include capabilities for connecting instrumentation, for input purposes such as acquiring the speed of manufactured material and for output purposes, commonly to send alarms to programmable logic controllers. In this architecture, all the input/output information is handled by the process computer to minimize the cost of the system at the expense of a lower interchange rate.
The design of the system reflects its two main goals :
-show the temperature of the strip to the control operators during its rolling ;
-provide the quality control team with the appropriate information to find the cause of defects detected in the strips.
The comprehension of the operation of the system is easy using the information flow diagram of figure 2, in which the thermographic information follows three clear steps :
(1) acquisition, (2) visualization, and (3) storage.
Calibration
The system must be calibrated before its start-up. Therefore, procedures for the calibration of two scales, temperatures and distances have been developed.
The calibration of the temperature scale is accomplished by the interactive comparison of the temperatures measured along the centre of the strip by this system and by other calibrated pyrometers. The temperature provided by the infrared sensor is related to the temperature of the material through the black body radiation formula, in which the emissivity of the material is a proportionality factor. Emissivity settings in the range 0.2-1.0 are supplied to the sensor as one of its remote control input signals. The operator decreases the emissivity, to increase the temperature provided by the sensor, and vice versa, until the system provides the same average temperature as the calibrated pyrometer. The calibration of the distances is devoted to associate each temperature sample within a scan with its distance to the axis of the mill, D. Equation [1] gives the theoretical distance D in function of the focal distance of the sensor, F, the angle between the sensor axis and the sampled point, q, and the angle between the sensor axis and the mill axis, θ e .
[1]
The angle θ, with which each point is sampled, is given by equation [2] . It depends on the serial number of the sample, S, in relation with the total number of samples within the scans, N.
[2]
To determine the angle θ e and the parameter F, a hot resistance is successively placed crossing the line scan at distances of +60, +30, 0, -30, and -60 mm from the axis of the mill. After repeating this measurement experiment several times, the system has enough pairs (sample-distance) to obtain the value of F that minimizes the sum of errors between the distances measured and the distances calculated with equations (1) and (2).
Visualization is an important goal of the system. Two kinds of visualization, local and remote (as can be seen in figure 1 ), can be carried out. The local visualization is shown in the pulpit of the mill, while the remote visualization can be shown in any place of the factory. The local tool allows the visualization of the current rolled strip and the configuration of the system, like the emissivity parameter. The remote visualization is integrated in a tool that allows the analysis of the thermography as well as the variables provided by the process computer.
Both kinds of visualization can show the termographic information in several display types : 2D map, linear scan, and virtual pyrometer. Combining the three types of displays, the quality control engineers can evaluate the influence of temperature and other variables on the final flatness of the rolled strips, and apply the proper compensations to reach an acceptable flatness in the manufactured strips.
s THERMOGRAPHY ENHANCEMENT
The first step after the acquisition is the enhancement. The thermographic enhancement tries to eliminate the noise of the signal to reach a successful analysis.
The temperature measurement using non-contact sensors at high frequencies produces a very noisy signal. The noise is mainly caused by the standing products over the strip used to refrigerate it, which alter the surface properties of the steel, and provoke erroneous measurements.
The designed filter to eliminate the noise, works in two sequential steps : transversal, and longitudinal. The use of these two steps is based on the analysis of the differences between spots in the same scan, and spots in different scans.
The filter in the transversal direction consists of an oversampling, using the highest acquisition frequency available in the system. The process is shown in figure 3 . Figure 3 shows the oversampling process, in which several overlapped spots are captured. Once the scan is captured, the data are reduced to the minimum number of spots that fill the scan space without overlapping. The formula to obtain a new intermediate spot will be : N i = S i *0.0625 + S i+1 *0.125 + S i+2 *0.1875 + S i+3 *0.25 + S i+4 *0.1875 + S i+5 *0.125 + S i+6 *0.0625 [3] where N corresponds to a new spot, and S to adjacent captured spots.
In the longitudinal direction the filteriing is carried out by making a spot aggregation. The selected criteria in the data aggregation involved the analysis of all strips obtained during the capture campaign, in order to find the fastest change of speed. The aggregation selected smoothes the signal and allows the fast temperature changes to remain clearly visible.
The goal of the filter is to eliminate the noise and to smooth the signal, but following the aggregation criteria, the space needed to store the data in memory and in disk later, is hardly decreased. The space needed to store the reduced data is about 75 % of the space occuped by the raw data. Figure 4 shows the thermographic map of a strip after being filtered. Temperature differences can be observed from the edges to the centre of the strip. This problem will be translated into flatness defects.
Figure 4 has been directly extracted from the remote visualization software developed for this system, which allows the visualization and the analysis of the captured images. The grey level bar on the right, shows the temperature scale in degrees centigrade.
s THERMOGRAPHY ANALYSIS

Flatness maps
After analysis of the information of the strips obtained during the capture campaign, temperature differences appear along the material.
However, the flatness map generated by the stressometer (flatness meter) for most of these strips is good enough, showing all the strip flatness indices within the range of ± 5 I-units. Figure 5 shows the flatness map of the coil of the previous figure, showing the thermographic map. The bar on the right shows the I-units scale multiplied by 100. This flatness map is obtained with the strip under strong tension, without non-uniformities. According to the information of this map, the rolled strip should be classified as an optimal rolled strip.
After complete cooling, when the strip is further processed in other facilities, as continuous annealing lines, flatness defects appear newly.
The flatness measurement is obtained when the strip is under tension and hot. When the strip looses the tension and gets cold, the flatness obviously changes.
During the cooling of any hot material, a physical effect known as contraction is produced. This consists of the reduction of the dimensions of the material. The contraction is the reaction to the dilatation action (action-reaction).
The reduction of the material (contraction) is directly proportional to the temperature of the material, using as parameter the properties of the material.
In the coil shown in the figures 4 and 5, the contraction provokes a faulty strip, due to flatness problems. After cooling, the edges become very stretched, while the centre of the strip is quite loose.
This shows that the lack of uniformity in the temperatures across the strip generates flatness defects, when the strip contracts itself during cooling.
These flatness problems make further processing very difficult and slower, that is, the production rate is decreased. The flatness problems were not detected through the flatness measurement, but they could have been detected using both the information about flatness and the information about temperature. 
LAMINOIR À FROID
Prediction of cold flatness
The information fusion, or sensor merger, can be carried out by transforming the flatness map when the strip is hot, in a cold flatness map. In this process the information about the temperature of the material is essential, because it provides the contraction rate of the material at any position. Of course, all this process can be done in real-time, allowing the fast detection of cold flatness defects even before the strip gets cold.
The fault detection process consists of several steps. The first step in this process is the acquisition of the temperature and the flatness. The temperature is acquired from the thermographic sensor through an analogical line, and the flatness is acquired from the process computer through a dedicated Ethernet line. Using all this information combined with the material properties, the cold flatness is estimated.
The new flatness estimation is carried out by applying the physics law of thermal contraction to obtain the reduction of the material, and then recalculating the flatness of the strip after this reduction. Finally a fault detector is in charge of determining the flatness problems.
The process to calculate the cold flatness map involves the use of the information provided by the thermographic sensor, by the flatness sensor, and the material properties.
The material properties are used to determine the temperature-contraction ratio, which is often provided as a curve. In this case, a straight line can fit the curve (eq.
[4]) :
[4]
where y represents the length variation, measured in millimetres multiplied by 10 -4 , and x represents temperature, measured in degrees centigrade.
Using this equation, the length contraction caused by the temperature drop can be calculated.
Since the outstanding information is not the temperature itself, but the temperature variation (∆T), only the slope of this function will be used.
The conversion from ∆T (temperature variation), to ∆F (flatness variation measured in I-units) is done using the flatness equation : [5] where L is the length base 1000 mm, and ∆L is obtained directly from equation : [6] Changing units the final equation is : [7] Using these equations, the flatness variation in I-units can be direcly calculated from the temperature variation. Figure 6 shows the graphic representation of the conversion from temperature variation to flatness variation. As can be seen, small temperature variations provoke a high flatness variation.
Using this process, the new flatness map can be calculated from the measured flatness map and the measured thermographic map. In order to simplify the new flatness map calculation, longitudinal fibers are going to be considered independently, which will generate a pessimistic flatness estimation. The number of different fibers considered is determined by the flatness meter resolution, which is 26.
The first step in the process of getting the new map is to obtain the temperature at every point where the flatness was measured. This step is carried out using the rolled length information obtained from the process computer during the temperature acquisition.
The second step is the calculation of the average temperature in every transverse section. The temperature variation in each fiber of the transverse section is calculated using the average calculated before. Fibers with higher temperature will show a negative variation and fibers with lower temperature will show a positive variation.
The temperature variation (∆T) is calculated using the average, and not the lower value of the transverse section. It is done this way to maintain the same scale (negative-positive) since absolute values are not important, but relative values are.
The ∆T calculated is used in equation [7] to obtain ∆L, and then this value is used in equation [5] to obtain ∆F. Finally, this value is added to the original flatness measured when the strip was being rolled.
The calculated new flatness map of the same strip as in the previous figures, that is, the cold flatness map, is shown in figure 7 . As it can be seen, the resulting map is quite different from the flatness map obtained during rolling. In contrast to the old map, two stretched areas appear at the edges of the strip, and a loose area appears in the centre of the strip.
The information provided by the cold flatness map is corroborated by the information provided by the quality control engineers, which means that the high temperature areas in the edges of the strip provoke the strip to be so stretched.
In figure 8 , a photograph of the strip is shown. The photograph was taken in the next processing line after the rolling, continuous annealing. The strip is illuminated using an oblique light to make easy the search of defects.
As it can be seen, the light illuminating the strip is very uniform at the edges of the strip. However, in the centre of the strip the light gets distorted. This distortion is due to the fact that the strip is loose in that area.
s CONCLUSIONS
In this work, temperature gradients have been shown to be at the origin of flatness defects due to thermal contraction effects. This thesis has been demonstrated calculating the cold flatness map, and comparing it with the information provided by the visual inspection of the quality control engineers.
Two main conclusions can be drawn from this work :
• The non-uniformity of temperature across the width of the strips during their rolling generates flatness defects, due to differences in thermal contraction of the different longitudinal fibers that compose a strip.
• The use of the themographic information to transform the flatness map of the hot strip obtained under tension, in a flatness map of the cooled strip without tension is the better way to predict the flatness defects due to nonuniformity of temperature. 
